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Temperature dependence of the Hall effect in pentacene field-effect transistors: Possibility of charge
decoherence induced by molecular fluctuations
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Temperature dependence of the Hall effect is measured for both single-crystal and thin-film field-effect
transistors of pentacene. At room temperature, the inverse Hall coefficient 1/Ry exceeds field-induced charge
density Q by a factor of 2 at each gate-electric field for all the samples, regardless of their charge-carrier mobility
and detailed subthreshold properties. Violating the band-transport model that 1/ Ry equals to Q, the excess 1/Ry
does not measure the charge amount anymore so that the result possibly indicates insufficient electromagnetic
coupling due to somewhat reduced charge coherence. At lower temperatures, the deviation of 1/Ry from Q
gradually diminishes to approach the band-transport behavior. Interestingly, the degree of the deviation has
been universal for the measured five samples, including both polycrystal and single-crystal pentacene films. The
result suggests that significant molecular fluctuation near room temperature can affect the fundamental electronic

state.
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I. INTRODUCTION

Organic semiconductors, assemblies of weakly van der
Waals bonded m-conjugated molecular units, render me-
chanically soft platforms, which enable moderate electronic
charge transport. Since their weak bonding energy allows easy
fabrication processes such as solution casting to form bendable
electronic devices on plastic substrates near room temperature,
they attract considerable attention with the expectation for
the next-generation semiconductor industry of flexible and
printable electronics. However, noting that both the weak
molecular bonding and the freedom of molecular displacement
are harmful for the intermolecular charge transfer, it is
not simple to achieve high charge-transport efficiency and
the mechanical flexibility simultaneously. It is required to
understand the fundamental electronic state subjected to the
intrinsic competition between the two.

Studies on charge transport in organic semiconductors date
back to the 1970s, when both possibilities of band transport
of diffusive electrons (described by wave numbers k’s) and
consecutive hopping processes between electronic states self-
localized in the molecules (described by their positions r’s) are
already discussed.! Experimentally, however, a limited amount
of charge-carrier density accessible with photodoping at that
moment often caused significant difficulty to reach delocalized
electronic states as the effects of charge-trapping sites are
pronounced. Also, the crossover between the two extreme
cases, in which either k or r describes the states properly, has
never been detected experimentally without any measurement
to deal with the one-electron phase coherence quantitatively.

With the development of high-performance organic field-
effect transistors (OFETs), a much higher density of carriers
up to 10 cm™3 has been introduced in organic semicon-
ductors, so that studies on intrinsic electronic states are
accelerated with the measurement of steady current of the
electrostatically doped high-mobility charge. In particular,
development of organic single-crystal transistors contributed
to detect genuine charge transport without influences of
grain boundaries. Therefore, the nature of charge carriers
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in such systems has been intensively investigated by various
methods.2™* Furthermore, recent measurements of Hall effect
clearly showed that bandlike diffusive transport is realized at
least in several high-mobility OFETSs based on rubrene and
dinaphtho[2,3-b:2",3'-f]thieno[3,2-b]thiophene (DNTT) semi-
conductor layers; the experimental results for such devices
satisfied the band-transport relation that Ry = 1/Q, where Q
is the charge density precisely estimated from the dielectric
capacitance of the gate-insulating layers.>~® The conclusion of
the bandlike transport in rubrene single crystals was reinforced
later by other experiments such as infrared spectroscopy and
angle-resolved photoemission spectroscopy.”!”

The Hall voltage comes from the off-diagonal component
o,y of the transport coefficients in the linear response theory,
grounded on the coupling between the vector potential A and
the wave number k as appeared in the cross term of the kinetic
Hamiltonian Til*(hk + eA)? (h is the Planck constant and e is
an electron charge).!' Such response of the charge current to
magnetic field is based on coherent electronic states described
by k, being equivalent to phenomenological description of
the Lorentz force subjected to spatially “continuous” current.
Therefore, experimental observation of the Hall effect in
hopping systems of localized charge significantly differs
from what is expected for band-transport systems. Indeed,
incoherent electronic systems such as amorphous silicon (a-Si)
films show very small response to the application of magnetic
field.!>14

At the present stage, the important remaining question
is whether intermediate electronic states to bridge the self-
localized polaron picture and diffusive bandlike transport can
exist, and what the nature is of such electronic states if so.
This study using Hall effects shows that pentacene OFETs,
which are the most popular devices for expected practical
use, appear to fit the missing link; the electronic carriers do
couple magnetic field to provide finite Hall voltage, but the
amount is considerably smaller than the band-transport value
at room temperature. Intriguingly, the deviation of Ry from
the band-transport value at near room temperature is almost
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the same in the measured five samples, which include three
single-crystal and two thin-film transistors. Since the Hall
effect is the manifestation that the electrons couple to magnetic
field through their plane-wave phase, one explanation for the
result is that the one-electron phase coherence is weaker in
pentacene layers than in the coherent band-transport systems,
and that a new electronic state of the partially coherent
electrons can be present in the OFETs. We also argue a
possible origin of the partially coherent electrons based on the
experimental results of temperature dependence of the Hall
effect on the pentacene OFETs.

II. EXPERIMENT

We prepared both pentacene single-crystal and thin-film
transistors for the Hall-effect measurement employing the
Hall-bar structures. The pentacene single-crystal transistors
were fabricated by the same method developed in our previous
studies.>’ Highly doped Si was used for a gate electrode
and a 500-nm-thick thermal oxide layer was used for a gate
insulator with the unit-area capacitance C of 6.9 nF/cm?.
Source and drain electrodes were patterned by conventional
photolithography, which consists of a 3-nm-thick Cr adhesion
layer and a 17-nm-thick Au layer. The surface of the gate
insulator was treated with self-assembled monolayers of
heptadecafluorotriethoxysilane or decyltrichlorosilane before
pentacene crystals were electrostatically laminated onto the
surface. The crystals were grown by the physical vapor
transport, using sublimed-grade powders of pentacene (Tokyo
Chemical Industry Co., Ltd.) as a source. Sub-millimeter-size
crystals were grown by further purification repeating the
vaporizing processes at least twice before the final crystalliza-
tion. For the thin-film transistors, thus, purified crystals were
used to evaporate in vacuum onto decyltrichlorosilane-treated
Si0,/Si substrates at the deposition rate of 0.3 A /sec. We form
top-contact devices using evaporated Au electrodes to achieve
sufficiently small contact resistances, which are essential
to gain enough signal-to-noise ratio for the precise voltage
measurements in the present Hall-effect measurements. In
order to further reduce the contact resistances, we evaporate
additional 2-nm-thick F4-TCNQ layers on the pentacene
films before the Au evaporation. Both the single-crystal and
thin-film OFETSs were carefully shaped to the “Hall bar” by
using a laser-etching technique. Finally, the devices were
encapsulated with 1000-nm-thick parylene film to ensure
the stability of the device characteristics during the whole
measurement.

Figure 1(a) shows an optical view of the pentacene single-
crystal transistor and a schematic illustration of the measure-
ment setup. Figure 1(b) is an optical view of a pentacene
thin-film transistor where the channel dimensions are adjusted
to almost the same values as in the single-crystal devices
by a laser-etching technique. In Fig. 1(c), the atomic-force
microscope (AFM) image of the thin-film device is exhibited,
which indicates that pentacene covers whole the channel with
the typical grains as large as a few pum.

In the Hall-effect measurements, voltages of Vi, V,, and
V| are measured at three different positions in the channel as
illustrated in Fig. 1(a), so that four-terminal (sheet) conductiv-
ity og =1/(Vo — Vi) -1/ W and Hall voltage Vy = V; — V/
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FIG. 1. (Color) (a) Optical view of a pentacene single-crystal
transistor for the Hall-effect measurement. Schematic diagram is also
shown for the measurement of voltages at different positions in the
channel. The channel dimension of width W, length L, and distance
| between voltage-probing electrodes are shaped to 60, 200, and
80 wm, respectively. (b) Optical view of a pentacene thin-film
transistor for the Hall-effect measurement. (c) AFM image of a
pentacene thin film.

are measured simultaneously as a function of gate voltage
V. Here, og equals the product of four-terminal field-effect
mobility upgr and charge density Q. Magnetic field is swept
back and forth at least five times in the range from —10 to
10 T, so that slowly drifting signal is subtracted to evaluate
AVy for the peak-to-peak magnetic field and Ry is evaluated
by AVy/(IAB), where AB =20T.

III. RESULTS AND DISCUSSIONS
A. Device characteristics of the pentacene transistors

Figure 2 shows electrical characteristics of typical pen-
tacene single-crystal and thin-film transistors at room tempera-
ture. Figure 2(a) exhibits sheet conductivity o as a function of
gate voltage in the linear regime for a pentacene single-crystal
transistor. Both two-terminal conductivity oy =1/ Vp -
L/W and four-terminal conductivity oz = 1/(V, v — 1(’)) .
I/ W are plotted together, where W, L, and [ represent the
channel width, length, and the distance between parallel
voltage terminals for four-terminal measurement. Output
characteristics of the same device are shown in Fig. 2(b).
Figures 2(c) and 2(d) show electrical characteristics of a
pentacene thin-film transistor. In both devices, o9,7 and oar
are almost identical, indicating that the contact resistances
between the pentacene channels and the source and drain
electrodes are both negligible as compared to the channel
resistance at room temperature. In the output characteristics
of Figs. 2(b) and 2(d), Ohmic characteristics in the low-Vp
region show that charge injection at the contacts is satisfactory.
Their well-saturated properties also indicate that nearly ideal
pinch-off regions were successfully fabricated. The field-effect
mobility ppgr was extracted by the four-terminal measurement
using the equation 1/C - dogyr /9 Vi, so that the values were
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FIG. 2. (Color) (a) Sheet conductivity measured for typical
pentacene single-crystal transistor. Both two-terminal conductivity
(red circle plot) and four-terminal conductivity (blue triangle and
green square plot) are plotted together. (b) Output characteristics
measured for typical pentacene single-crystal transistor. (c), (d)
Sheet conductivity and output characteristics measured for typical
pentacene thin-film transistor.

estimated to be 2.0 and 1.5 cm?/Vs for single-crystal and
thin-film devices, respectively.

B. Hall effect in pentacene transistors

Figure 3 shows a typical Hall-effect profile measured for
a pentacene single-crystal transistor at 280 K, where the
transverse Hall voltages Vy at Vg = —50 V are plotted as
a function of time with the drain voltage at —0.5 V. The
Hall voltage slowly changes while ramping the magnetic field
between 10 and —10 T, showing positive Hall coefficient,
which is consistent with the positive charge carriers induced
in the present measurement. The measurement accuracy
of Hall voltages is improved compared to our previous
reports>’*® by refining the Hall-bar shape and increased device
stability. As a result, the Hall voltages of sub-mV signals
are detected with the measurement error of less than 10% at
280 K.
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FIG. 3. (Color) Hall voltages (red line) measured as a function
of time for a typical pentacene single-crystal transistor at fixed V, =
—0.5V, Vs = =50V, and T = 280 K. Ramping of the magnetic field
between 10 and —10 T is shown by blue solid line.

Figures 4(a) and 4(b) show plots of the inverse Hall
coefficient 1/ Ry and o as a function of Vi; for the pentacene
single-crystal device (single-crystal device 1) and the thin-film
device (thin-film device 1) at 280 K, respectively. In both plots,
o increases with decreasing Vi due to the hole accumulation
in the channel. Similarly, 1/ Ry increases with decreasing Vi
due to the charge accumulation, showing that the value of
1/ Ry is proportional to the value of carrier density. The black
broken line indicates the carrier density of Q calculated by
the product of the capacitance C and the applied gate voltages
Ve — Vi, defining Vi, by the threshold voltage derived from
the extension of the slope of 1/Ry(Vs) to specify the
threshold to induce well-mobile carriers disregarding trapped
charge.

We note that the value of 1/ Ry does not coincide with that
of O, but is twice as large as Q in the single-crystal device.
The result is quantitatively reproducible in three single-crystal
devices on substrates treated with different self-assembled
monolayers. Similarly, the value of 1/Ry deviates from Q
by the factor of 2 in thin-film devices, which is also consistent
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FIG. 4. (Color) (a), (b) Inverse Hall coefficient 1/Ry (red filled
circles) and sheet conductivity (blue filled circles) plotted as a
function of gate voltages at 280 K. The broken lines with the
left-hand-side scale represent the carrier density estimated by the
capacitance of the gate insulator and gate voltages. (a) and (b) are
representing for a single-crystal device (single-crystal device 1) and
a thin-film device (thin-film device 1), respectively.
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with the results reported by Takamatsu et al., considering the
accuracy of the measurements.'>'® Even as with the results
of the same measurements for other thin-film devices with
lower mobilities, the observation of twice as large 1/Ry (Vi)
as Q is reproducible. Therefore, it is likely that the effect
is attributed to intrinsic property of pentacene FETs rather
than extrinsic effects such as grain boundaries. The results
are already contrasting to those in previous measurements on
rubrene and DNTT transistors, where the values of 1/Ry and
Q precisely agree with each other and diffusive band-transport
is realized.

C. Temperature dependence of the Hall effect

To further study the origin of the reduced Hall volt-
age in pentacene OFETs, we performed the measurement
down to lower temperatures. Figure 5(a) shows temperature
dependence of og plotted as a function of Vs for the
pentacene thin-film device 1. At a fixed Vg, og decrease
with decreasing temperature, partially because of decreasing
carrier mobility pggr and partially because of increasing | Vi |
due to the increasing number of effective deep traps.!” The
inset of Fig. 5(a) shows the slope of oq(Vs) at high-Vg
region for the same thin-film device 1, which corresponds
to upgr of well-mobile carriers. pggr i1s almost constant
in the high-temperature regime (=200 K), while the pggr
start to decrease with cooling below 200 K. The temperature
profile of ppgr includes complex effects of shallow charge-trap
levels, in which the effects are often simplified to the multiple
trap-and-release model phenomenologically.

More importantly, Fig. 5(b) shows temperature-dependent
1/Rpy as a function of Vi, in which the slope of 1/Ry (Vi)
becomes less steep at lower temperatures. We note that the
data are taken mostly at the high carrier concentration of
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FIG. 5. (Color) (a) Temperature dependence of sheet conductivity
as a function of gate voltage for a pentacene thin-film transistor (thin-
film device 1). The inset shows the temperature dependence of the
four-terminal field-effect mobility pggr. (b) Temperature dependence
of inverse Hall coefficient plotted as a function of gate voltage for a
pentacene thin-film transistor (thin-film device 1). The broken lines
represent the carrier density estimated by the capacitance of the gate
insulator and gate voltages.
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10" cm?, which contributes mostly to intrinsic well-mobile
charge dynamics because of minimized effects of charge-
localizing interface traps. Since the finite positive Hall voltage
half as large as the normal band-transport value is detected
in the pentacene transistors, its electronic state incorporates
some degree of coherence over molecules. Although the phase
coherence is weaker than that of the above ideal band-transport
systems, the Hall voltage is generated by the presence of elec-
tromagnetic coupling between the external field (represented
by the vector potential A) and wave vector k of the carriers
induced at the surface of the pentacene semiconductors.

As an example of a more incoherent electronic system, we
note that disordered semiconductors such as a-Si typically
show even smaller Hall voltage about one tenth of the
band-transport value with sometimes anomalous sign.'>'4 In
a microscopic model given by Friedman et al., for example,
the reduced Hall coefficient is reproduced by considering a
“three-site interference” that describes electronic conduction
dominated by disorder scattering. When the mean-free path
approaches the atomic spacing, the carrier wave functions
lack the phase coherence that would be present in the ordered
lattices.!> Dealing with elementary tunneling paths between
the three atomic sites, the magnetic field penetrating the
triangle connecting the three sites affects the electron-transfer
integrals associated with these sites. As the result, finite Hall
voltage appears but with much smaller values than when carri-
ers propagate continuously to generate the full Lorentz force.

Also, it is argued in Ref. 14 that the finite Hall coefficient is
measurable in even more disordered systems realized in heav-
ily doped a-Si samples as the result of systematic experiments
with various donor densities. As described by the percolation
model with finite-length localized sites, this heavily doped
regime is characterized by small (less than 0.01 cm?/Vs even
at room temperature) and rapidly diminishing Hall mobility
pg with decreasing temperature. In contrast, the lightly
doped “disorder-scattering” regime, which can be described
in the Friedman model, shows temperature-independent wpy
typically as high as 0.1 cm?/Vs. The inset of Fig. 6 shows
temperature dependence of (g, which is experimentally given
as uy = Ryog, for the present pentacene thin-film device
1. The temperature profile near room temperature at least
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FIG. 6. (Color) Temperature dependence of « obtained in a
variety of pentacene devices. The « is obtained by the formula
C/[0(1/Ry)/0Vi]. The inset shows the temperature dependence of
the Hall mobility py for thin-film device 1, which is experimentally
given as uy = Ryon.
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qualitatively resembles the “disorder-scattering” case repre-
sented by the Friedman model. The idea of the microscopic
charge coherence is at least describable with the microscopic
interference between tunneling paths, although it significantly
differs by considerably larger Hall coefficient and one order
of magnitude larger value of the mobility.

For convenience, we introduce a factor « that describes
the extent of the coupling between the partially extended
electronic states and the external electromagnetic wave by
the ratio of 1/Ry and Q. With the presence of finite Vi,
practical determination of « is given by C/[9(1/Ry)/dVis].
« is exactly 1 for the previously measured free-electron-like
OFETs. In addition, we note that « is larger than unity when the
effect of shallow traps dominates the charge transport because
1/Ry measures only the well-mobile charge described with
k. The situation resembles what was observed in the trap-
dominated regime for rubrene single-crystal transistors at low
temperature® and in the low-Vg region of DNTT thin-film
transistors.® It is to be emphasized that the values of « are
approximately 0.5 for two different samples of pentacene
polycrystalline OFETs and three single-crystal samples with
different mobilities. Therefore, the origin of the decoherence
is intrinsic to the microscopic charge transport inside grains
and not attributed to the trap states in grain boundaries. In
addition, the nature of shallow traps is different from sample to
sample, to which variety in carrier mobility among samples is
usually attributed. Therefore, the universal value of o at room
temperature suggests that the observation of the anomalous
values of Hall coefficient is originated from fundamental
charge state.

Figure 6 shows temperature dependence of o for all
five pentacene devices. In all the measured samples, o
elevates gradually with decreasing temperature, which pos-
sibly indicates that the value of Ry increases to approach
the Hall coefficient of the band-transport model. Although
it is generally difficult to retain sufficient signal-to-noise
ratio for the measurement of small Hall voltage at low
temperatures because of increasing contact impedance, the
data are plotted for each sample down to the temperature
where the measurement is still reproducible. Not only is
the value at room temperature universal among the five
samples, the temperature profile appears to be common within
the accuracy of the measurement, which is consistent again
to the idea that o describes the sample-independent intrinsic
feature of the pentacene OFETs. Therefore, it is not likely
that extrinsic contributions such as interface-trapping events
predominantly govern the temperature profile of «. We note
that the value of « increases already below 200 K upon cooling
as shown in the red circles, whereas the value of mobility does
not drop below 200 K as shown in the inset of Fig. 5(a), which
would not happen if shallow interface traps really play the
major role in the charge transport.

As a possible explanation of the observation, we propose
the idea that fundamental electronic states regarding the extent
of electronic phase coherence is significantly influenced by
thermal effect in pentacene OFETs and that the dephasing
effect is reduced at lower temperatures. Such thermally
induced decoherence can be more pronounced than the

PHYSICAL REVIEW B 85, 035313 (2012)

conventional effect of electron-phonon scattering, where the
picture of the band transport is preserved. Such assumption is
recently addressed theoretically by Troisi et al. and by other
groups,'8-2! where the influence of the molecular fluctuation is
indeed very large, typically diminishing local transfer integral
by half.'8

The consideration can be also consistent with the report of
temperature-dependent photoemission spectroscopy given by
Koch et al.?? in which the bandwidth of the holelike quasipar-
ticles increases from 190 to 240 meV when the temperature is
changed from room temperature down to 120 K. Furthermore,
Sakanoue et al. reported significant enhancement in carrier
mobility at very low temperature, where the authors attributed
the observation to the molecular fluctuation.* Therefore,
our present result may have demonstrated the fundamental
electronic state as the incomplete phase coherence in weakly
interacting clean molecular assembly. The mixing of the
molecular orbitals causes some degree of the coherence against
their spatial fluctuation, and such competition contributes
the most intrinsic part in the charge transport for pentacene
transistors, which is translated to the device performance of the
best-studied organic semiconductor for industrial applications.
Finally, we note that the phase-coherent factor « strongly
differs by molecular species; o equals to unity and is
temperature independent for previously studied rubrene and
DNTT transistors.”8 For example, Troisi et al. suggested the
possibility that the standard deviation of transfer integrals
due to the molecular fluctuation increases with decreasing
length of molecular 7 conjugation.'® In addition, considering
that transfer integrals are strongly affected by the molecular
displacement,>? we suspect that a sterically tangled molecular
crystal such as a rubrene would be more advantageous
against the thermal fluctuation due to their restricted motional
freedom in the crystalline packing as compared to straight-rod
pentacene. Further experimental and theoretical studies are
expected to elucidate the microscopic origin that determines
the extent of the molecular fluctuation.

IV. SUMMARY

To summarize, the precise measurement of Hall effects
in single-crystal and thin-film transistors down to low tem-
peratures tells us that fundamental electronic states consisted
from the weakly coupled pentacene orbitals are significantly
modulated with reduced coherence at room temperature. Given
that the Hall effect is based on spatially extended electronic
states described by wave functions, the extent of their phase
coherence is experimentally deduced by «, which can indicate
discrepancy from the band-transport model & = 1. Since the
value is universal to any thin-film or single-crystal pentacene
OFETs, the electronic state appears to be intrinsic to micro-
scopic charge dynamics unaffected by sample-dependent trap-
level distributions. Intriguingly, the extent of the coherence
is recovered at lower temperatures, which is understandable
if we assume that molecular fluctuation significantly reduces
the intermolecular electronic coupling. The mechanism of
the observed thermally induced dephasing essentially impacts
performance of organic transistors.
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